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SUMVARY

Four separate structural analyses of the West Hackberry #6
SPR storage cavern are presented. One analysis covers the
creep response of the cavern beginning shortly before the tine
when an accidental fire occurred and proceedi ng through the
cavern recertification pressure test. The second analysis
nodel s the surface uplift-that is expected during the sane
pressure test. The third and fourth numerical studies
investigate the structural response of West Hackberry #6 to
sl abbing and a rapid pressure drop. Al analyses indicate that
this cavern should be structurally stable for the conditions

assumned.
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1. | nt roduction

The- Energy Policy and Conservation Act of 1975 authorizes
the creation of a Strategic Petrol eum Reserve (SPR) of up to
one billion barrels of oil. One of the basic problens of such
a reserve is the procurement of adequate storage facilities.
The initial criteria for the selection of the storage nedi a
were the tinme required for devel opnent, cost, safety,
environmental acceptability, and distributional capability.
This criteria led to the selection of several salt donme sites
inthe Gulf Coast region of the U S. that had existing
solution mned caverns and large salt mnes in which oil could
readily be stored. The specific storage facility addressed in
this report is cavern #6 at the West Hackberry salt done,

(i.e., WH 6) Caneron Parish, Louisiana.

Figure 1 is a map of the West Hackberry field show ng the
contours of the top of the salt. A geological cross-section of
this dome taken through section B - B' of Figure 1 is given in
Figure 2. The specific location of cavern nunber 6 in a plan
view is shown in Figure 3. A nore conprehensive
characterization of this particular geological structure may be
found in Reference 1. The early sonar surveys of WH 6
indicated a cavern profile as shown in Figure 4 [2]. However
nore recent sonar work has shown that WH 6 actually has the
shape as shown in Figure 5 [3]. Stress analyses on both of the
above nentioned cavern shapes are given in a |ater section of

this report.



One of the major structural reliability concerns of this
specific storage facility is the non-optimum "pancake" shape of
the cavern. This structural formhas the potential for |arge
vertical roof notions near the cavern centerline. Added
concerns about WH 6 were realized when a serious accident
occurred at the well head resulting in a fire and | oss of
[ife. Because of this accident, both the conplete evacuation
of the oil already in storage in the cavern and anot her

pressure certification of this facility were required.

Four finite elenent nodels of WH 6 have been anal yzed. The
first of these calculations studies the 2 year creep response
in the immediate vicinity of the cavern. This analysis
provi des a nodel of the creep closure of the cavern as well as the
el astic response of the cavern during the recertification
pressure tests. Specific information calculated includes: 1)
cavern vol unme change during recertification, 2) stress change,

during recertification, and 3) long term cavern roof notion

The second set of calculations nodels a two di nensional
cross-section of the West Hackberry salt dome. This sinple
elastic solution attenpts to include the effects of the salt,
caprock, a silty clay overburden, the edge effect of the dome,
and the location of cavern #6 on the surface displacenent

during cavern pressurization. Specific information calcul ated



fromthis nodel includes: 1) surface uplift during
recertification, 2) surface tilt during recertification and 3)
the effect of various elastic properties on the total done

_response.

The third analysis sinulates the effects of slabbing
failure. This elastic analysis shows the structural response
and resulting stress state changes when a predeterm ned anmount of

the WH 6 roof is assuned to slab off.

The fourth analysis nodels the instantaneous (elastic)
changes in stress state assum ng an acci dent occurs that
significantly reduces the cavern pressure. Such a condition
may occur, for exanple, if one of the oil injection strings
failed and the cavern pressure dropped fromthe brine head of

1766 psi to the oil head of 1163 psi



2. Cavern Creep Model

In this analysis an axi symmetric nodel of WH 6, free from
the effects of adjacent caverns was assuned. The MARC [4]
finite element program was used to perform the cal cul ations.
The creep response of the salt is represented in the MARC
calculation by a primary creep |aw presented by Hansen [5] for
the salt fromthe Jefferson Island, Louisiana done and fromthe
Lyons Kansas site. This particular creep nodel was chosen to
address relatively short term effects. The relationship
bet ween the axial creep strain and the stress and tine for the

tests conducted by Hansen is witten as:

e - A 0'mtn (1)

where t is the tine in seconds, and o is the differential axial
stress in psi. A strain hardening formof this [aw was used in
the MARC code. For the Jefferson Island salt the paraneters in
the creep law are

3.4 x 10713

n = 0.38 (2)



The paraneters used for the Lyons, Kansas salt are

A= 1.53 x 10712
m= 3.0
0.4 (3)

n

Note that these two relationships are witten for anbient
tenperature whereas the creep behavior of salt is strongly
dependent upon temperature.(2) The tenperature of the salt
cavern is nost |ikely higher than anbient conditions; thus the
actual creep response of the cavern nmay be greater than the
nunerical results. These calculations are, however, useful in
predicting the trends in creep behavior. The elastic or

I nstant aneous response is not as dependent upon tenperature,

thus these results should give nore accurate absol ute magnitudes.
The elastic constants for salt used in this analysis were

5.76 (10)8 psf

Young's Modul us, E

Poi sson's Ratio, v = ,22

Figure 6 shows a schematic diagram of the depth of cavern
#6 and the separate |ayers of oil and water in the cavern. The
two finite element grids used in this study are shown in Figure
7. Figure 7a nodels the cavern shape indicated by early sonar
surveys and Figure 7b nodels the cavern shape as determ ned by

nore recent surveys.



The outer vertical boundary of each finite el ement nodel is
1200 feet from the cavern centerline. This boundary is
constrai ned such that each boundary node will have equa
lateral notion. A horizontal stress equal to the geostatic
pressure of salt is applied on this boundary. The upper row of
finite el ement nodes are al so constrained to have equal
vertical notion. They are |oaded with a pressure equal to that

produced by the overlying geologic naterial

Several |oading conditions to which WH 6 may be subjected
are shown in Figure 8  This figure shows that the cavern
certification loading is much higher than-the normal (i.e. mninum
operating pressure.* Since there is only a small change in
pressure fromthe top to the bottomof the cavern, the pressure

variation with depth is neglected.

The actual time dependent pressure history used for this
study is given in Figure 9. This history sinulates: 1) the
pressure drop that occurred during the accident, 2) a gradual
increase in cavern pressure for a year follow ng the accident
as actually recorded at the well head, 3) a bleed off of
pressure to establish cavern operating conditions, and 4) the.

recertification pressure excursion.

* Note that the recertification pressure excursion shown in Figure
9 also takes the cavern pressure above the maxi num al | owabl e
operating pressure.
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The conputed vertical displacement histories at the cavern
roof center point for the various shape and material nodels are
plotted -in Figure 10. O particular interst is the change in
total cavern volune associated with the change in pressure at
recertification. The result is needed to estinmate the amount
of fluid required to punp into the cavern to raise the pressure
as required. The conmputed results for the cavern shape of
Figure 7a indicate a cavern volunme change of 76 £e3 per psi

pressure change.

Several conputer plots show ng equivalent creep strain and

von M ses stress are given in Figures 11, 12, and 13.
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3. Surface Uplift Model

This two di nensional plane strain analysis of the West
Hackberry done was undertaken to estinmate the anobunt of surface
tilt that may take place during the recertification procedure
of WH 6. The problem was done using the ADI NA78 [6] conput er
program Only linear elastic material properties were used.
The finite element grid given in Figure 13 shows the |ocation
of the three basic materials used to defined the problem The
di spl acenent boundary conditions specified were 1) no vertical
di spl acenent on the [ ower surface, 2) no horizontal
di spl acenent on the side surfaces, and 3) free notion on the
upper boundary. A unit normal pressure was applied to cavern

surf aces.

An obvious difficulty in this particular analysis is the
uncertainty that exists in defining the in situ materi al
properties and the actual geonetrical shape of the done. This
uncertainty requires that a range of material properties be
used in the analysis so that the actual response may be
bracketed. A list of the elastic material properties used for

this problemare given in Table I. [7]

Conmput ed ground heave profiles are shown in Figure 14 where
these profiles are plotted in inches of surface displacenent
per psi increnent of cavern pressure. It is denonstrated in Table |

and Figure 14 that the elastic properties of salt strongly dom nate

the solution. Assumi ng that the actual response of the
12 ’



geol ogi c structure is bounded by the cal cul ations, an

approxi mation of the expected surface tilt is easily obtained
fromFigure 14. For exanple, the expected surface tilt at

a point 2,000 ft. to the left of the cavern centerline would

fall between 2.5(10)'8 8

and 10.0(10)" - rad/ psi.

Anot her significant correlation that is available fromthis
calculation is the ratio of the surface displacenent at the
wel|l head to the center cavern roof displacenment. A tabulation
of this conputed ratio for the nine conbinations of materia

properties studied is given in Table II.

An attenpt was also nade to nodel the effect of a jointed
caprock region. This was done by reducing the nodul us of the
caprock by an order of magnitude as recomended by Voi ght and
Dahl [8]1. The results of this calculation showed negligible
change in the surface displacenent when conpared with the

results of the full value of the nodul us.

13



—

4. Cavern Sl abbing

This elastic axisymetric analysis of WH6 is an attenpt to
characterize the effect that a significant slabbing event woul d
have on the post slabbed stability of the cavern. The cavern
shape, initial loading, and elastic material properties are the
same as those given for Figure 7b (i.e. see section 2). Roof
slabbing in this calculation was nodeled by "killing" six
el ements on the cavern roof. Note that no failure criterion
was used to define this slabbing event, rather this region was
just assuned to fail such that the resulting change in cavern
shape could be studied. The initial |oaded state on the nodel
was the geostatic stress on the outer finite el enent boundaries
and a brine head of 1766 psi on the cavern surfaces. Figure 15
shows the undeforned finite el enment nodel and the magnified
def ormed shapes of the cavern both before and after the
simul ated slabbing. Contours of maxi num principle stresses and
von Mses stresses are shown in Figures 16 and 17. Note that
this sinulated sl abbing produced only slight changes in the

gl obal stress patterns. N,
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5. QO String Accident Sinmulation

One -possible accident that could occur that would produce a
rapid decrease in the cavern pressure is the failure (i.e.
rupture) of a oil injection string. This failure could cause
the pressure of the cavern to drop fromthe brine head pressure
of 1766 psi to the oil head pressure of 1163 psi. Again, the
cavern shape, initial loading, and elastic material properties
for the finite el ement nodel are the sane as those given for
Figure 7b. The effects of the postulated accident are modelled

by dropping the cavern pressure from 1766 psi to 1163 psi. The

magni fi ed def ormed shapes of the cavern and contours of nmaximum

principle stress and von Mses stress are given in Figures 18,

19, and 20 respectively.

Significant changes in the global stress state around the
cavern are produced by this sinulated accident, however, no

areas of tensile stress are created.
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6. DI SCUSSI ON

It is inportant to note that although the basic physics of
the cal cul ations presented here are correct and the conputer
prograns that were used have been checked out on many probl ens,
the results obtained are strongly dependent upon the actual way
the geologic materials are nodeled (i.e., the geologic
constitutive nodels). Only a very sinple creep law and |inear
elastic definitions were used in the problens reported here.
However, even with these sinple assunptions, a great deal of
insight on the trends of the structural response may be

obt ai ned.

The creep closure problem denonstrated that the
constitutive nodel for salt affected the results to greater
extent than did the cavern shape. Thus accurate nateria
nodel s for salt are absolutely necessary for accurate creep
calculational results. The surface uplift problenms indicated
that, even with large differences in material properties, the
ratio of cavern displacenent to surface displacenent was

essentially constant.
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Significant structural events such as slabbing and rapid
pressure drop appear to produce no catastrophic gl obal cavern
elastic -instabilities. Consequently, WH 6, although far from
being ideal as an oil storage cavern, should remain

structurally stable if subjected to the conditions assunmed in

this report.

Further studies of the structural stability of this and
ot her SPR storage caverns should incorporate tenperature

effects on the material properties of salt.
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No YouC:ln(_{;y/sSi " Poi sson * g Youn?;a?goc};oi;son's YounR'ogk Sal?faigsoms
Modulus Rati o Modulus Ratio Mbdul us Ratio
{psf) (psf) (psf)
1 2.0(10)° .33 1.48(10)8 .288 1.44(20)8 .22
2 8.0(10)° .33 1.48100% © .288  1.44010)8 .22
3 1.4(10)8 .33 1.48(10)8 .288 1.44(20)8 .22
4 2.0(10)3 .33 1.48(10)° .288 2.88(10) 8 .22
5 8.0(10)° .33 i.48(10)8 .288 2.88(10)8 .22
6 1.4(10)8 .33 1.48(10)8 288 2.88(100% .22
7 2.0(10)° .33 1.48(10)° .288 5.76 (10) 8 .22
8 8.0(10)° .33 1.48(10) 8 .288 5.76(10) 8 .22
9 1.4(10)8 .33 1.48(10)8 288 s5.76 1% .22

TABLE I -~ Material

Di spl acenent

Properties forSurface.

Cal cul ati ons



RUN NO DI SPLACEMENT RATI O

1 .34
2 .34
3 .34
4 .34

.34
6 .34
7 .33
8 .33
9 .33

TABLE Il - Ratio of Cavern Roof Center Displacenent/ Surface

Vel | Head D spl acenent
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Figure 15 Undeforned and Magnified Deforned Shapes of
Sl abbing Calculation: a) Undeformed Gid, b)

Defornmed Gid Prior to Sl abbi ng, c) Deformed Gid
After Slabbing. Magnification Factor = 179.
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Figure 16 Maxi mum Princi pal Stress Contour Plots of Slabbing

Simulation, a) Prior to Slabbing and b) After
Sl abbi ng.
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Figure 17 Von Mses Stress Contour Plots of Sl abbin
Simulation: a) Prior to Slabbing and b) ter
Sl abbi ng.
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Figure 19 Maxi mum Princi pal Stress Contour Plots of Possible
Accident Situation: a) Cavern at Brine Head and b)
Cavern at oil Head.
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Figure 20 Von Mses Stress Contour Plots of Possible Accident

Situation: a) Cavern at Brine Head and b) Cavern at
oi | Head.
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